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SUMMARY 

The second of two planned Project F i re  Flights has been flown to investigate the 
heating environment on a large-scale, Apollo shape vehicle entering the earth 's  atmos- 
phere at hyperbolic velocity. The Project Fire flight II spacecraft was boosted into a 
ballistic trajectory along the Eastern Test Range, with impact occurring near Ascension 
Island. Prior to reentry into the sensible atmosphere, the reentry vehicle was acceler- 
ated to a velocity of 11.35 km/sec (37 200 fps) at a flight-path angle of -14.7' with the 
local horizon by a solid-propellant rocket motor which formed part  of the Fire spacecraft. 
This report  presents the results of heating and pressure experiments on the reentry- 
vehicle afterbody. A comparison of flight I and flight 11 afterbody heating and pressure 
data indicates fair agreement and, in general, both sets of flight data compare favorably 
with available ground-facility results. 

INTRODUCTION 

The primary objective of Project Fire was to investigate the heating environment 
on a blunt-nose vehicle entering the earth's atmosphere at a velocity in excess of escape 
velocity. The reentry vehicle was instrumented to obtain a measure of radiative heating 
and total heating on both the forebody and the afterbody as well as limited data on after- 
body pressures  and telemetry-signal blackout. The first of two planned flights was 
launched from Cape Kennedy, Florida, on April 14, 1964, and the vehicle successfully 
reentered the earth 's  atmasphere near Ascension Island at a velocity of 11.56 km/sec 
(38 000 fps) and a flight-path angle of -14.7'. The details of the flight I spacecraft, 
including hardware description, trajectory information, and experimental data, a r e  pre- 
sented in references 1 to 5. The Project Fire second flight, which was planned as a 
backup to the first flight, was launched f rom Cape Kennedy on May 22, 1965. The Fi re  I1 
payload and flight plan were essentially identical to those of Fire  I, and the prime objec- 
tive of Fire I1 was to provide verification and extension of Fire I results. The afterbody 
data obtained on the Fire I1 reentry package a r e  presented herein. 
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D diameter, centimeters (inches) 

h altitude, kilometers (feet) 

1 distance along center line from forward shoulder to theoretical apex of conical 
afterbody, centimeters (inches) (see fig. 3) 

M Mach number 

Reynolds number (based on maximum diameter of reentry package) NRe 

P pressure, newtons/meter2 (pounds/inch2) 

;1 heat- transfer rate, watts/centimeter2 (Btu/f oot2- second) 

R radius, centimeters (inc he s) 

S surface distance on reentry package measured from geometric stagnation 
point, centimeters (inches) (see fig. 3) 

T temperature, degrees Kelvin (degrees Rankine) 

V velocity, kilometers/second (feet/second) 

X distance along center line measured from forward shoulder on afterbody, 
centimeters (inches) (see fig. 3) 

Y isentropic exponent 

4 circumferential location, degrees (see fig. 3) 

Subscripts: 

a afterbody 

av average 
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C corner 

calc calculated 

m pertaining to maximum cross-sectional dimensions 

n nose 

SP sonic point 

t stagnation 

Q) f ree  stream 

DESCRIPTION OF EXPERIMENT 

Space Vehicle 

The Project Fire space vehicle was basically an Atlas D launch vehicle coupled 
with a powered spacecraft as shown in the drawing of figure 1. The powered spacecraft 
consisted of a velocity package (Antares "-A5 solid rocket motor and adapter shell) 
together with the reentry package containing the experimental instrumentation. The 
reentry package and Antares motor were protected from the launch environment by an 
aerodynamic shroud. 

Reentry Package 

The Project Fire reentry package was a blunt, Apollo shape vehicle as shown in the 
photograph of figure 2 and the drawing of figure 3. The forebody consisted of a multi- 
layer configuration made up of three protective phenolic-asbestos shields sandwiched 
between three beryllium calorimeters. The sequence of events was planned to allow 
exposure of each beryllium calorimeter until severe melting occurred, and then ejection 
of the succeeding phenolic-asbestos shield. The first two phenolic-asbestos shields were 
jettisoned at predetermined deceleration loads to provide beryllium calorimeter meas- 
uring periods during the initial part  of the heat pulse, at approximately peak heating, and 
midway on the decreasing side of the heat pulse, The third phenolic-asbestos heat shield 
was not jettisoned and was provided to protect the reentry package throughout the la ter  
stages of reentry should melting of the last calorimeter layer occur. The three beryl- 
lium calorimeters were thoroughly instrumented with thermocouples to measure the 
calorimeter response to the environmental heat flux. Forward-looking radiometers 
were located at the geometric stagnation point and one offset location to measure the 
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reentry package a r e  presented in references 3 and 4. 

instrumentation on the 

The reentry-package afterbody was conical as shown in the drawing of figure 3 and 
was constructed of a fiber glass shell to which phenolic-asbestos heat protection material 
was added. A very thin exterior coating of a protective material (75-percent silicon 
elastomer and 25-percent high- silica microballoons by weight) was added to prevent 
moisture penetration prior to launch, thus reducing the possibility of telemetry antenna 
performance degradation. The afterbody was instrumented with gold- slug calorimeters 
at 12 locations which provided a measure of the local total heating rates, whereas the 
total radiative heat flux was measured at 1 location. The only change in the Fire I1 after- 
body instrumentation as compared with that of Fire I was a reduction from two pressure 
sensors to one, which was located at x/2 = 0.70. In addition to the other instrumentation, 
a telemetry antenna was embedded in the afterbody, and a C-band beacon w a s  located at 
the apex of the conical afterbody for tracking purposes. Table I and the drawing of fig- 
ure  3 indicate the dimensional location and placement of the afterbody instrumentation. 
A description of the pressure sensor and the gold calorimeters is given in the following 
sections. 

Pressure  sensor.- A thermopile vacuum gage was used to measure the afterbody 
2 2 pressure;  it was sized to operate in a range from approximately 13.3 N/m to 1333.2 N/m 

(0.1 mm Hg to 10 mm Hg). The system accuracy, including that of the sensor and telem- 
etry system, was approximately *20 percent of the recorded value. The pressure sensor 
operated continuously, but its output was commutated at five samples per second. 

Gold calorimeters.- The gold calorimeters consisted of thin gold slugs mounted as 
shown in figure 4. The thickness of the gold slugs was approximately 0.305 cm (0.12 in.) 
to minimize the temperature gradient between the front and rear surfaces. The mass of 
each calorimeter is presented in table 11. An aluminum silicate housing served to insu- 
late the gold slug from the heat of the surrounding materials. In addition, the top surface 
of each gold slug was coated with a 0.1270-mm-thick (0.005-in.) surface film of oxidized 
nichrome to increase the emissivity and, consequently, to increase the calorimeter life. 
A surface-film emissivity of 0.80 w a s  used in the afterbody heating rate calculations. 
The nichrome oxide surface fi lm was applied to the gold slugs by flame spraying nichrome 
powder (80-percent nickel, 20-percent chrome) on the surface, vacuum heat treating f o r  
3 hours at 861' K (1550' R), and then allowing oxidation in air for 3 hours at 861' K 
(1550' R). Two thermocouples were attached to the r e a r  surface of each calorimeter to  
record the temperature time history during reentry. The diffusion time through the calo- 
r imeters  was estimated to be l e s s  than 1/10 second throughout the reentry, and the meas- 
uring accuracy of the thermocouples operating in conjunction with the telemetry system 
was within *28O K (*50° R). The gold calorimeter temperatures were commutated at 
five samples per  second. 
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The Fire I1 space vehicle was launched from Cape Kennedy on May 22, 1965. The 
flight was along the Atlantic Missile Range with impact of the reentry package occurring 
in the Atlantic Ocean near Ascension Island. A schematic drawing of the flight trajec- 
tory and the associated sequence of events is presented in figure 5. Curves of altitude, 
velocity, and Mach number are presented in figure 6 for the reentry portion of flight. 
Details concerning the Fire 11 trajectory and the atmospheric soundings conducted after 
the flight are contained in reference 6. 

The flight was essentially nominal with all systems operating as planned. The 
reentry package, spinning about its longitudinal axis at 3 rps, reentered the earth 's  atmos- 
phere with relatively small body motions. Initially the coning angle was less than lo, 
increasing to about 5' just after peak heating and about 11' at the end of the last data- 
gathering period. These angle-of-attack variations appeared to have very little effect 
on the measured afterbody data. 

RESULTS AND DISCUSSION 

Afterbody Pressures  

The pressure was measured at one location on the Fire  I1 reentry-package after- 
body as shown in figure 3, and these data are listed in table III and plotted in figure 7. 
The upper portion of figure 7 presents the pressure data in dimensional form as a func- 
tion of elapsed reentry time from an altitude of 122 km (400 000 ft). The data indicate 
a fairly smooth increasing trend initially; however, above a pressure of approximately 
800 N/m (6 mm Hg) the scatter increased markedly. In this region, the readout accu- 
racy was impaired by poor quality data caused by the combination of telemetry noise and 
sensor inaccuracies as the limit of the thermopile gage was approached, A gap in the 
pressure data occurred between 28 and 34 seconds because the pressure exceeded the 
operating limits of the system. After 34 seconds, the pressure decreased to a value 
again within the range of the pressure sensing system. 

2 

In the lower part of figure 7 the Fire  11 data are plotted in the form of the ratio of 
afterbody pressure to the calculated stagnation equilibrium pressure behind the shock as 
a function of the elapsed time from an altitude of 122 km (400 000 ft). For comparison 
purposes, the Fire I data as well as available ground-facility data a r e  superimposed on 
the figure as a function of free-stream Mach number. The behavior of the Fire 11 data 
prior to 22 seconds may be due to the effect of nonequilibrium flow on the front face of 
the reentry package o r  flow separation on the afterbody. However, there a r e  insufficient 
data to substantiate either of these possibilities. The flight I data prior to 20 seconds 
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large angular fluctuations early in flight (see refs. 2 and 5) and do not correlate well 
with the flight 11 data during this time period. However, the Fire  I data measured in the 
later stages of reentry compare favorably with the Fire I1 data. In addition, comparable 
ground-facility data (refs. 7, 8, and 9) plotted in this figure exhibit fair agreement with 
the Project Fire results. 

An attempt at correlating the afterbody pressure data with ground-facility data and 
theoretical calculations is made in figure 8. The data are plotted in the form of p 
as a function of free-stream Mach number. The theoretical curves shown in figure 8 
were calculated as outlined in reference 5. In the calculations, the flow was assumed to 
expand two-dimensionally around the corner from the sonic point to the separation line, 
which was  assumed to be parallel to the free-stream flow. The equilibrium pressure 
behind the normal shock wave was  calculated by using the gas tables of reference 10. 
The pressure distribution across  the front face of the reentry package as well as an esti- 
mate of the location of the sonic point on the body surface was determined from flow-field 
studies on the Fire reentry package (refs. 11, 12, and 13). In addition it was assumed 
that the location of the sonic point on the small corner radius remained stationary through- 
out the reentry flight, Data from both Project Fire flights and ground-facility results 
exhibit fair correlation when plotted in this form. The sudden change in slope in the data 
at M, =: 35 could be the result of nonequilibrium flow effects or afterbody flow separa- 
tion, as mentioned previously. Calculations made on the basis of the Fire 11 trajectory 
and the tables of references 10 and 14 indicate that very early in flight and in the later 
stages of reentry, the value of y approached 1.4; however, during the major part  of 
the reentry measuring period, the value of ysp was approximately 1.2. Thus, the theo- 
retical curves in figure 8 indicate the trends in the afterbody pressure data, but they indi- 
cate higher levels of pa/p, than the measured flight data. A more accurate calculation 
of the afterbody pressure ratio could be made if the variation in location of the sonic 
point and the effect of y on the afterbody flow separation line is considered; however, 
such detailed calculations are beyond the scope of the present report. 

p a / ,  

SP 

SP 

Calorimeter Temperatures 

The afterbody calorimeter temperatures a r e  presented in table IV and plotted in 
figure 9 as a function of time from an altitude of 122 km ( 4 0 0  000 ft). The temperatures 
presented a r e  those measured on the r e a r  surfaces of the 12 gold calorimeters located 
on the reentry-package afterbody as shown in figure 3. The two thermocouples attached 
to the base of each gold calorimeter (see fig. 4) measured the same temperature within 
the accuracy of the measuring system; consequently, temperatures from only one thermo- 
couple are presented in this report. 
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with small disturbances in the slope of the temperature-time variation occurring near the 
t imes of beryllium melt and phenolic-asbestos heat-shield ejections. For reference, the 
t imes of these occurrences a r e  noted in figure 9(a). The solid curves in figure 9 repre- 
sent curve fits of the temperature data which were used in calculating the afterbody 
heating rates. The scatter in the data is a function of the accuracy of the data-gathering 
system, whereas the changes in slope of the temperature-time curves a r e  associated with 
contamination of the afterbody flow field with melted beryllium and heat- shield ablation 
products . 

There was little variation in the temperature data with circumferential location; 
however, a longitudinal variation was apparent. At a time of 40 seconds, when the maxi- 
mum calorimeter temperatures were measured, the temperature distribution proceeding 
rearward along an afterbody element indicates decreasing and then increasing tempera- 
tures  as the afterbody apex is approached. The maximum temperature of all 12 calorim- 
e te rs  remained less than 670° K (1206O R), an indication that melting of the calorimeter 
surfaces did not occur during the reentry heat pulse. 

Afterbody Heating Rates 

The afterbody heating rates were calculated from the temperature variations meas- 
ured by the 1 2  gold calorimeters and a r e  presented in figure 10. In general, the heat 
storage equation combined with curve fits of the smoothed calorimeter temperature-time 
histories was used in calculating the afterbody heating rates. A description of this 
method is presented in reference 5. The curve f i t  of the temperature-time histories 
for each afterbody calorimeter is presented in figure 9. 

The afterbody heating rates are plotted in figure 10 as a function of time from an 
altitude of 122 km ( 4 0 0  000 f t J  for  the various locations of $ and x/Z . Throughout 
reentry the afterbody radiometer indicated zero radiation except for one flash associated 
with a forebody heat-shield ejection. These data indicate that the afterbody radiation was 

2 l e s s  than the threshold of intensity of the radiometer, which was approximately 1 W/cm 
(0.9 Btu/ft -sec). It is therefore concluded that the afterbody heating rates consisted 
mainly of convective heating. Inspection of the curves indicates a rapid initial increase 
in heating rate  with a slow decline after the peak values were reached. In addition, there 
was a certain amount of scatter in the times at which peak heating rates occurred for  all 
calorimeters, which was associated with the sensitivity in the determination of the inflec- 
tion points of the temperature-time variation. The maximum heating rates indicated by 

2 the calorimeter measurements ranged between 17.8 and 14.5 W/cm 
12.8 Btu/ft -sec), with the highest values being recorded by the most rearward calorim- 
eters. A s  was true for the temperature variation, there was no significant circumferential 

2 
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vari&iin nl the nOating rate  W; hdwe&rJ:fh&e did appear to be an effect of longitudinal 
location. This effect is shown in the summary curve of figure 11. 

.. .e. . . . .e .. . . ... .* 
The ratio of the measured afterbody heating rate to the calculated stagnation con- 

vective heating rate is plotted as a function of s/R for the Fire  I and Fi re  I1 data in 
figure 11. The stagnation convective heating rates  were calculated by using the method 
of reference 15, and the t imes for which the Fire  I and Fire  11 data are presented gener- 
ally correspond to the time of peak afterbody heating. For comparative purposes, after- 
body heating data for Apollo shape bodies from various ground facilities (refs. 7 and 9) 
are plotted in the figure with the respective free-stream flow conditions listed in the key. 
In general, the Fire  I and Fire  I1 data fall within the scatter band of the ground-facility 
data and favor the high side of the band. The Fire  I1 data exhibit the same type of con- 
cave longitudinal distribution with s/R as the ground-facility data. This variation is 
not present in the F i re  I data possibly because of the large body motions that the Fire  I 
reentry package underwent during the reentry portion of flight. For the peak heating 
conditions, the Fire  I1 afterbody heating rate ratios ranged between 0.038 and 0.044. 

CONCLUDING REMARKS 

The second of two planned flights has been flown to investigate the heating environ- 
ment on an Apollo shape vehicle entering the earth 's  atmosphere at hyperbolic velocity. 
The reentry package entered the earth 's  atmosphere at a velocity of 11.35 km/sec 
(37 200 fps) at a flight-path angle of -14.7' with the local horizon. The vehicle afterbody 
was instrumented to obtain total and radiative heating rates  as well as limited pressure 
measurements. 

The Fire 11 afterbody pressure data indicate reasonable agreement with the F i re  I 
data and compare favorably with available ground-facility data. Both F i re  I and Fire I1 
pressure data correlate well when plotted in the form of the ratio of afterbody pressure 
to free-stream pressure as a function of free-stream Mach number. 

For the range of conditions that the reentry package was exposed to during flight, 

2 2 
the afterbody heating rates were mainly composed of convective heating. The maximum 
heating rate measured on the reentry package afterbody was 17.8 W/cm (15.7 Btu/ft -sec) 
which was measured at the most rearward location on the afterbody. The ratio of the 
measured afterbody heating rate to the calculated stagnation convective heating rate at 
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peak heating conditions ranged between 0.032Panfl 0.044, ~ i b i ~ i ~ g f a $ ' ) a g r ~ ~ e ~  fith 
comparable ground-facility results. 
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Langley Research Center, 

National Aeronautics and Space Administration, 
Langley Station, Hampton, Va., August 25, 1966, 

714-00-00-01-23. 
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TABLE I.- AFTERBODY SENSOR LOCATIONS 

0.19 

Stat ion 

1 

2 

3 

4 

5 

1.51 

Afterbody sensors 

0.70 

Geometric stagnation point 

2.44 

Heat-shield shoulder 

3 calorimeters (+) 
@ = Oo, 120°, and 2400 

1 radiometer (0) 
@ = 203.45' 

3 calorimeters (+) 
$I = Oo, 120°, and 240° 

3 calorimeters (+) 
$I = Oo, 120°, and 240' 

3 calorimeters (+) 

1 pressure sensor (A) 
$I = Oo, 1200, and 240° 

$I = 265' 

Theoretical apex of conical afterbody 

0 I 1.17 

0.32 1.75 

0.56 2.18 
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TABLE 11.- MASS OF AFTERBODY GOLD CALORIMETERS 

r Afterbody - calor imet er posit ion 

x/l 

0.19 
.38 
.56 
.70 

0.19 
.38 
.56 
.70 

0.19 
.38 
.56 
.70 

Mass of gold 
calorimeters, g 

5.1532 
5.1748 
5.1031 
5.2093 

5.0364 
5.1277 
5.0815 
5.1602 

5.0919 
5.1975 
5.1935 
5.0338 
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Figure 1.- Schematic drawing of Project Fire space vehicle. 

21  



0.  ... 0 e.. . .* 0 .  0 .. 0 0  . e  0 0 . 0  0 . .  ... 
0 .  0 . 0  8 . .  0 0 .  . 0 0 . 0 0  
* o  0 .  . o .  0 0 8 .  0 . .  

.a e.. . 0 . 0 .  m. 0 0 ... 0.  0.. 0 .  

22 



iaoiJ0 

. . 0..  0 ... 0 .  
0 .  a .  0 .  . 0 .  . 0 .  . c 

. . a  0 .  0 .  . . e.. 0 .  

E 
0 .- Y 

23 



e. .a. a ..a a. 
0 .  e .  e .  
* a  *.. e . .  e 
a .  a .  e . .  

a. ..a e 0 * . 

E 
0 

In 
0 
c? c 

1.879 cm 

( .38 in.) 

Oxidized nichrome 
surface coating 

L Aluminum silicate 
housing 

Output wires from two chromel-alumel 
thermocouples 

Figure 4.- Schematic drawing of gold calorimeter and insulating housing. 
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Figure 7.- Project Fire afterbody pressure measurements. 
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Figure 8.- Correlation of flight and ground-facility measurements of afterbody pressures on Apollo shape bodies. 
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Figure 9.- Variation of afterbody temperature with time from an altitude of 122 km M O O  OOO ft). 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. - 39 
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Figure 9.- Concluded. 
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Figure 10.- Variation of afterbody heating rates with time from altitude of 122 km k400 OOO ft). 
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Figure 10.- Continued. 
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Figure 10.- Concluded. 
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Figure 11.- Effect of longitudinal location on afterbody heating rates. 
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